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ABSTRACT

Analytical methods, that could be used to make scientific sound-

ing rocket procurement and utilization more economically effective,

T TR T

X ' are described, A Figure of Merit comparator, on which sounding rocket

procurement and vehicle development decisions can be based, is pro-

T T

posed, The cost optimization of combinations of sounding rocket types
for a user agency's vehicle inventory, selected on the basis of the

Figure of Merit, is demonstrated, It is shown that optimum combin-

YT ET

A ations of vehicle types can produce significant -savings in the overall
costs' of a sounding rocket inventory. ’

1 Techniques for predicting mission requirements are discussed, and

: one of these, polynomial extrapolations of actual utilization histories,
is applied to historical utilization data from AFCRL and NASA/GSFC.

More sophisticated statistical prediction techniques are examined for

their applicability to this. problem.

’M

Bayesian decision theory is discussed in its potential application

e

ot . Wy

to inventory optimization.

Methods of estimating the cost effectiveness of a proposed sound-
t ing rocket vehicle development program are examined, Considerations
7 of success criteria, projected mission requirements, and reliability
growth, are included in the guidelines for the cost effectiveness

evaluation.,
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I. INTRODUCTION

The analyses presented in this report were prepared for the
‘Resear-h Probe Flight Branch, CREK, of the Air Force Cambridge Re-
search Laboratories under Contract No. AF19-(628)-6009, The informa-
tion contained in this document is intended to fulfill the requirements
set forth in that contract,

~ The report describes various analytical methods that can be used
to formulate cost effectiveness guidelines in sounding rocket pro-
curement and utilization., Techniques for predicting mission require-
ment are examined and a sample optimization problem is presented in
the analysis,

Advanced statistical prediction .techniques and the application
of Bayesian decision theory to inventory optimization are discussed.

Methods -of ‘examining cost effectivenéss of new vehicle development

are considered.
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II, SUMMARY

The purpose of this report is to outline some analytical methods

LI T
. ., y 305 AL S
RO M AT R S 3 i‘

that could be used to make -sounding rocket procurement more economi-
cally effective. Methods are proposed with which an.optimum sounding
‘rocket inventory can be selected, and techniques are ‘discussed by
which the economic sensibility of developing a new sounding rocket

motor or vehicle can be judged.

e 1

We believe that an analytical approach to the economics of sound-
ing rocket procurement and utilization is feasible, and .can provide
% guidelines and immediateiy~appli¢ab1e information with which inventory
management -and new- vehicle develoﬁment can be economically evaluated.
Rational economic evaluation techniques are imperative because

scunding rocket pregrams in past years have predominately been charac-

k terized by failures. VWhen you -consider the evidence shown in Figure 1,

it illustrates that a mere 14 vehicle types have completéd more than -

90% of all sounding rocket flights since efforts in this field began
in the U.S.A.,, more than 20 years ago. These fourteen types consti-
tute less than 22% of the sounding rocket vehicles that have been

proposed, studied, initiated, or in which ounly a few flights were

completed before the program was dropped.

The record becomes even more disturbing when one considers that
four of those fourteen- extensively used types were associated with a
specific defense application, such as weapons testing (Asp, Nike-Asp,
Deacon-Arrow, Viper-Arrow), and one was a war surplus windfall (V-2);
none of these were pursued beyond the end: of théir respective program.

Another ‘important reason: for improving ‘the -decision-making pro-
cess in sounding rocket logistics is the inevitably increasing cost

of new vehicle development, This is caused by today's higher 1labor

costs and higher payload costs which demand a more highly "proven"
vehicle before being committed to flight--in turn resulting in. more:
extensive development -programs.

The problem is, therefore, real. One can readily predict that
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because of the .higher costs involved, there will be fewer development
programs in the future, their costs will rise, and the penalties for
failure (already high) will become higher.

What can be done about this? An oversimplified answer is 'be

very careful how you spend your money." How do we do this? The work

described in this report is a partial answer. to this question.

In this analysis we attempt to answer a two-fold question:

1. What type of inventory mix of sounding rocket vehicles is
optimum?

2, 1Is it "economically sensible" .to develop a- given new vehicle
type for addition to an existing stable?

To answer these questions, we must first know what will be asked

L WO S R R

of the stable, or, what type of missions must be -accomplished, or

putting it another way, what are our future mission requirements?

s Y AR

For a number of reasons, to be discussed later, we attempt to
answer this question statistically, This is doneé- by catégorizing
-past missions flown by payload weight and apogee-.altitude on a per-

year basis going back as far as the records are available, To date

we have considered the utilization histories- of the Air Force Cambridge
Research Labeuratories and the Goddard Space Flight Center of the
1 F National Aeronautics and Space Administration. Data from other agent~

cies and users were also examined but were not inciuded because of

their restrictive nature. Future utilization is predicted by fitting
least squares polynomials to this historical data for number flown in
each weight-altitude category ngainst calendar time,

Statistical techniques were selected because of the limitations

of the traditional approach to predicting futuretrgquigemehts,lwhich

has been to interview potential customers regarding -their individual ‘
ﬁ ? ' -plans because of the subjective nature of -the latter. ﬁ
i Once the requirements wereypredicted},determination of the optimum f
: vehicle inventory, in terms of cost effectiveness, -was examined by ;
overlaying the apogee altitude/payload weight grid; which contains ] K
the number required in each mission category, with, the performance ‘ :
characteristics of .each rocket. Missions that fall inside the per- ¢!
-5-
ad aa'.;t-ﬂ 1




formance envelope of each vehicle type can be accomplished by that

configuration by the addition of ballast.

An inventory mir is defined to consist of several specific rocket
types (not the number required per unit time of each type)., Once a
stable is selected as a candidate for analysis, it is usually found

that some missions may be performed by more than one vehicle type.

“The heuristic method employed in these situations is to assign the

~ mission to the rocket with the lowest total cost--(vehicle price plus

payload cost)--divided by rockeét reliability.

‘Discrimination among several vehicle stables can be accemplished

‘by comparing their respective Figures of Merit. As a Figure of Mevit

(FM), we propose the overall, or user agency-wide .total pound-miles
actually achieved divided by the total vehicle costs. Since *he re-
quirements aﬂd,the availability of rocket types both vary with time,
the Figure of Merit (EM)Vis restricted to a specific time interval,
one-year in this case,

FM's are arrived at for several mixes for a projected period of
time. The combination of vebicle types possessing the highest ¥M for
the time period used in the utilization prediction is considexed to
be the hoptimum" inventory.

The report includes a sample problem in which the optimum inven-
tory:mix:of a mythical user agency (AFNA), over a period of five
years, is examined, Several combinations of vehicle types are con-

sidéred in an attempt to define the optimum inventory over the pro-

Jected time period..

Advanced techniques in statistical prediction and inventory opti-
mization are also examined. Linear mean-square estimation theory,
constrained least squares curve fit, and random number generator simu-

lation systems are reviewed for their applicability to the prediction

~ problem.

The application of Bayesian decision théory as an alternate to
the Figure of Merit concept of inventory optimization is discussed.

Ground rules for a Bayesian decision tree -are proposed and a simple

problem is examined.

-6-
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The introduction of a new vehicle on the Figure of Merit of the
various inventory combinations is evaluated.

Arriving at the FM for stables that contain a to-be-developed
vehicle, is, however, an iterative process since the price of the
new vehicle depends on the number of it flown each year because of the
need to amortize development costs. This cost affects the user agency
if they sponsor development, or the vehicle manufacturer, who must
amortize this development over a limited amount of time. It is possible
to use this technique to explore the consequences of -various .amorti-
zation programs.

Reliability of the newly developed rocket is an jmportant consider-
ation in the early phases of its development. Since diagncstically
instrumented flights: can have payloads costing from $50,000 - $100,000,
the reliability growth of a new vehicle in the early flights can
drastically affect the total development costs. We have, therefore,
postulated a reliability model which considers as separate parameters
the number of possible -failure modes, their probability of occurrence,
and ‘their probability of detection., -Estimates of thg~g§e£ﬁ0m—amount
of diagnost{'s instrumentation to be flown on the new rocket can be

added as a refinement to- the cost model since reliability growth and
its value can be considered,
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III, ANALYSIS

Two economic aspects of sounding rocket utilization are examined
in the analysis:

- Optimization of a Sounding Rocket Inventory

- Development Cost Effectiveness of a New Sounding Rocket Vehicle
The two are scmewhat linked since the cost effectiveness of a new develop-
ment is strongly dependent on the impact the new vehicle would have on
an existing sounding rocket inventory, However, each.-subject deserves
considerable attention on its own, Therefore, the discussions of inven-
tory optimization and new development cost effectiveness have been
separated so that the ideas peculiar to each concept can be more clearly
explained,

A, Optimization of a Sounding Rocket Inventory

What is an optimum sounding rocket -inventory? One which does the

best job at the least cost., Although the underlined answer is essentially

gorrect, the statement must be carefully considered in detail,
"Best job, least cost" requires at least the following:

- The maximum number of experimenters be accommodated in the period
for which the inventory was purchased.

- The minimum number of vehicles be left over at the end of the
inventory year,

- The satisfaction of the experimenters be high in terms -of winimi-
zation of vehicle induced .payload failures,

- The vehicle inventoy cost be a minimum consistent with the above
goals, ’

The cost subject warran§5'more'spgcifiC'attention. ‘Suppose a
particular inventory could satisfy all mission requirements at relatively
low vehicle cost, If the reliability of its vehicles is low, it might
be very uneconomical from an overall -standpoint, This can pccug because,
in the vast majority of cases, the price of the sounding rocket vehicle

is but a fraction of the cost of the experiments it carries, To express
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this interaction between vehicle cost and reliability a Figure of Merit

that takes both factors into account can be used.

1. The Figure of Merit

We suggest a Figure of Merit (FM), which includes the cost and

reiiability aspects of the optimization of a sounding rocket inventory

as follows:

t m
2: (nihiw*rj)j
m=1'1 1-1
Z Z (n,C),
j=1 i=1 375

Where the variables are:

t Number of Vehicle Types in the Inventory

1)

m Number of Payload/Altitude Missions Aasigned to-a Vehicle

‘in the Inventory

n, Number of Vehicles to be Flown for the "ith' Mission.

W, -Payload Weight to be Flown in the "ith" Mission

h, Altitude to be Reached in the "ith' Mission

Cj Unit Price of the "jth' Vehicle in the Inventory.

Reliability of the "jth" Vehicle in the Inventory

The double summation indicated by Equation 1 assumes that there

are t vehicle types in the inventory each of which can satisfy m number

of missions in a given payload/altitude regime,
The Figure of Merit is calculated as follows:

1. The year-by-year prediction of missions to a given altitude

‘with a given payload is determined.

2, For each year a number of inventory combinations are proposed

_that -will satisfy the mission- requirements;

3. The vehicle unit price and reliability of each type is

determined or estimated,

4, Assuming that a propesed stable has t vehicle types in it,

each of the t types is assigned mLmissions.

course, vary " from type te type.

m will, of
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5. It frequently happens that a specific mission may be accom-
plished by more than one vehicle, In these cases the
reliability-weighted cost of each alternative way of doing i

: the mission must be computed, This mission cost is: ]

S Y

i el ekt

IR € Vehicle + ¢ Payload
Vehicle Reliability

AR The conflicts are resolved by assigning the mission to that
L vehicle which has the lowest mission cost as defined. above. .
] § When payload costs are not well known, an average figure of i

several hundred dollars per pound of payload might be used.

F 6. Equation 1 is applied, in turn, to each proposed stable and
: its FM is determined.

) 7. For the particular year being examined, the FM is determined
for each proposed inventory combination., The stable offering

the highest overall Pound-Miles per Dollar value is selected
&s the optimum,

Pyt L, i) ) =i o o S RN

The Figure of Merit so determined is only an approximation to the
real-life situation, It takes no account of the following:

a, :Stable Management Costs are not a Factor

A complex inventory consisting of many ‘types may have an over-
all FM lower than one' containing only two or three vehicle configurations.
However, support costs such as analytical services, range safety.dchhEQ-
tation, launch crew costs, remote site logistical support; and procure-

ment expenses may outweigh the FM economies gained by applying :many
vehicles to the mission requirements,

b, No Quantity Discounts for Vehicles

e

-t

We have qssuﬁed the cost of a particular type to be independent

5
S ——

of -the number used per year. One wouiﬂlékpectnto pay & lower unit price
for 50 than 5, Surpricingly, as will be described later, assuming unit

cost to be independent of lot size is a good approximation,

|

[P

R I L -

c. Reliability is Indefehdent,of Lot Size

Baga o

Homan factors are involved hére; it would be reasonable to

h XN

‘assume that a launch crew would make fewer mistakes with ‘a vehicle they

-11-
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were thoroughly ‘familiar with than one which they bnly flew on rare
occasions, However, sometimes the inverse can be true where familiarity

breeds carelessness,.

.d. Reliability is Independent of Mission

Since weight and altitude do not completely define a mission,
we expect that some vehicle problems would cause some missions to fail,
but would not so affect others with similar performance goals.

These simplifying assumptions were, however, adopted because
they most clearly illustrate the ideas put forth in the analysis while
keeping the- problem within manageable proportions.

We now turn to the data fequired for the FM determination.

2, Predicting Future Mission Rggpireméhts‘

The prediction of future requirements is a key problem in inven-
tory optimization., Unfortunately, completely reliable predictions of
the future are simply not possible. Therefore, whatever the results
of the predictions, they are only approximations,

A possible approach to predicting future ‘requirements would be
to ask the ﬁeoblé who ugse the rockets what their plans are, Unfortu-

nately, project scientists' statements about their future vehicle

needs cannot ccrrelate well with their requirements, as they actually
materialize, for more than an interval of only a year or so, sometimes
less, This is not a question of good faith, hd@evgx; sounding rocket
experimenters follow up interesting results obt&ingd in some regions

of the atmosphere by immediately scheduling other experiments in that
area, (The sounding rocket field is attractive to them for this very
‘reason,) Therefore, long lead time experiments and the planning that
is theredy possible do not characterize the field, Other means must,
therefore, be found to predict future requirements,.

The attempts to look at -the future in this analysis are based
on the assuﬁétion that “tomozroy is--a-mirror of yesterday." We have
done this by gathering statistics of past sounding rocket utilization:
and- extrapolating these into the future by least squares and more

sophisticated prediptioq.techniqdes.

c-12<
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1y a, Utilization Histories
I ¢ The statistics are categorized on a yearly basis according to

payload weight and apogee altituue as indicated in Figure 2, for example,
for the year 1962, The utilization record is subdivided into 20 statute
mileby 20 pound cells, The small circles within some of the cells

R 199 00 o LSRN - SN

contain a number identifying the vehicle type used to perform the mission;

this is indicated in an enlarged section of Figure 2, shown as Figure 3,

To. date, we have catalogued the sounding rocket utilization
histories of the Air Force Cambridge Research Laboratories -(AFCRL) and
the Goddard Space Flight Center of the National Aeroncutics and Space
Administration (NASA/GSFC) beginning in 1950 (for AFCRL) and: ending
in 1965. Data were also collected from the Sandia Corporation, the
Naval Research Laboratory (NRL), and the World Data Center A - ‘Rockets
and Satellites of the National Science Foundation -(NSF), In the case

B r/,‘-
Pt il oo =L sl I/ e

of the Sandia Corporation, the data were of a specialized nature andare
-concentrated in a very few altitude/payload cells, The available NRL
recoxds were solely for the. Aerobee vehicle, The NSF data were a com~
pilation of U.S. and international results; voluntarily contributed: by
the various sounding rocket users eand, therefore, necessarily limited
in overall completeness, Because of these -drawbacks, no.Sandia, NRL or

NSF data were used in the predictions.

b. Requirement Prediction Technique

. Year-by-year data for a particular mission (designated by one
20 statute mile altitude by 20 pound paylodd cell on the utilization
grid) were mathematically smoothed with the aid of a least squares curve-

fit computer program, The results, in the form of fifaq through sevent!:

R TR R R TR NN RS TS

‘order polynomials, were equations that described the number of missions

D —
~

. X

in a particular weight category to a given altitﬁde as a function of time,

ER

1 ot Ve o

We used the historical base, so established, to predict future

requj rements for a number of years by simply substituting future years

e A
e N e

into the Utilization vs, Time equation. A second degree polynomial was

i
-
Povand

T S AE T T
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selected for the prediction ofvrequiremeﬁts. The process is briefly
illustrated in Figure 4 for the 200 - 220 pounds to 120 - 140 miles
mission,

¢. Requirement Prediction Results

The results obtained by extrapolating the second order curve-
fit equations are briefly summarized for a period of five years begin-
ning with an -arbitrarily establishéd Year O (the present) in Figures
5 through Se.

In Year 0 (Figure 5) the highest utilization frequency is
60 - 80 Miles in the 60 - 80 pounds region, Twenty-six payloads are
launched  on that mission. Considerable activity, in this payload/
weight range, is also found from the 80 - 100 and 100 - 120 miles alti-
tude. In the heavier and larger payloads, the utilization frequency
is about equally .distributed over 200 - 300 pounds. to 80 - 160 miles

In Year 1 (Figure 5a), the previously most active category.

(60 - 80 pounds to 60 -~ 80 miles) remains constant at 26 vehicles.*
Directly above it in the same weight range, 'missions to 100 - 120 miles
increase sharply from 15 in Year O to 27 in Year 1, Activity in the
200 - 300-pound payloads increases slightly.

In Year 2 (Figure 5b), the 60 - 80 pound payloads to 100 - 120
miles continue to show a strong increase, while others in. this category
are holding their own, Heavy payloads in the 260 - 280 pound class ‘to
the same altitude -are also increasing.,

In Year 3 (Figure 5c), the lower weight pgylbads show a steady
increase with one exception: 40 - 60 pounds to 100 ~ 120 miles, The
heavier payloads also increasé in all categoriés but by a much slower
rate, The trends in Year 4 (Figure 5d) ‘are similar to those so far
indicated,

*Ngtg that the missiorn requirements. ir the 60 - 80 pounds to 60 .- -80
miles cell do not change from Year O to Year 1, but increase in
succeeding years, This is because Year O represents an arbitrarily
chosen starting point for which utilization is known, Year 1, however,
is an extrapolation of a curve-fit of historical data, At the junction
of Year 0 (actual data) and Year 1 (extrapolated data), the mission
requirements: are very similar, but not identical.

-16-
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In Year 5 (Figure 5e), the last one considered in the require-
ment prediction, we find the three most active categories to be: 60 - 8C
pounds to 100 - 120 miles; 80 - 100-pounds to 80 - 100 miles; 60 - 80
pounds to 60 - 80:miles, and 40 - 60 pounds to 120 - 140 miles. In the
‘heavier payloads, the three most active are: 260 - 280 pounds to 100 -
120:miles; 240 - 260 pounds to 100 ~ 120:miles, and 180 - 200 pounds
140 - 160 miles.

Not surprisingly, the requirements‘predictigns indicate a

. strong and continued interest in the 80 - 120 mile region with payloads

varying from a low of 60 pounds to a ‘high in the upper 200's, At this
point it should be remembered that these predictions are .based on only
the utilization histories available from AFCRL, and NASA/GSFC.

‘The, picture could change, perhaps substantially, if data from
other agencies were included, Thus, the concentration of payloads
in the two areas shown in the figures is somewhat of a mirror of .the

current vehicle inventories of AFCRL and NASA/GSFC.

d. Accuracy of the Prediction Technique

Note that no requirements are predicted in altitude above

300'miles. The omission in this area was deliberate because the data

" for such high flying vehicles, at least in the AFCRL and NASA invene

tories, are: too sparse to permit -a reasonably accurate prediction,
(For example, only three Javelins [100 - 200 pounds to roughly 400 -
600 miles] have been flown at AFCRL; 50 uavelins have been flown by

'NASA/GSFC through -early 1969,) This omission points out a very -import-

ant aspect of the requirements problem: The predictions are probably

most: reliable when the available historical data is substantial,

1qis was illustrated by our efforts to cheél theh;éé;;écy of
our prediction spheme by using fewer years of data than were available
and- seeing how -the- curve looked without two or three years of the most
fecént information, This was done as follows: If we had six years of
data for a particular requirement, we would compute a curve-fit for six

years. We would also calculate- curve-fits using only the first three

o~ o
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o

.
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and four years of history. The resulting coefficients were then com-
pared against each other to see if Years 4,5 and 6 could have been
predicted from the information available for only Years 1, 2 and 3,

We found ‘that two or three years of requirements could be
accurately predicted if substantial data were available from an histori-
cal base of three or four years (see Figure 6), This strongly empha~
sized the point‘thag a comprehensive and accurate utilization history
is required to predict future requirements,

Another important point arising from our effort te forecast
sounding rocket utilization is that predictions for individual user
agencies cannot be based on the historical data- for that specific
agency alone, There are :several reasons for this, First, data for
any agency, taken alone, is usually very meager. The small numbers
will thereby limit the statistical validity of the infotmation.

Second, no sounding rocket user agency .operates in a vacuﬁm;. Although
the relationships with other agencies are difficult to define, a feed-
back system does exist and the cross-fertilization of interest is un-
doubtedly significant. Third, the overall responsibilities of agencies
change with time and some may, through management decisions, leave the
sounding rocket field altogether, However, the effect on the total
utilization of sounﬂing rocket vehicles of the scope chéhge of any one
agency is relatively small; the field goes on and the totsl number of
rockets flown are reletively unaffected by its departure,

‘Our attempts to improve the elementary prediction technique
need. soiie further improvement, However, even the elementary
techniques we did use will give acceptable results for time spans
for .at least two (and; with less confidence, three or-four) years in
those areas where the sounding rocket vehicle utilization history is
well established;, .

3. Sounding Rocket Vehicle .Costs

The cost of a sounding rocket inventory consists of a. number of
components- of which the basic vehicle price is-a major part. At least -

the following items are involvgd:
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a, Basic Vehicle Price

This includes the charges for the complete rocket motors, the

fing, the interstag¢, and the launcher accessory hardware.

b. Analytical Support Services

Each vehicle in the inventorsy requires considerable analytical
support in the way of trajectory data, wind weighting information, dis-
persion estimates, etc, In addition, special paylodds ma§ require
vehicle integrity analyses and, as problems develop in flight testing,
analytical efforts to solve the latter, Analytical expenses are maxi-
mum in the first two to three years after a vehicle is incorporated
into the inventory, but still remain a significant cost item throughout

its useful lifetime,

‘c. Storage and Logistics

Each vehicle type can have storage and: logistics requirements

-that are peculiar to it., Therefore, if many types are held in inven-

tory the specific attention devoted to each one can become a signifi-
cant cost factor, A large number of remote site operations can further

make this a significant cost item.

d, Launch Crew Support

If a rocket stable contains only a few vehicle types then the
job of the Jaunch crew becomes much simpler because the familiarization
process- with- each type 1is simplified. Should the launching of many
types be required, ‘the amount of individual -attention required for

each vehicle and the possibility of an error by the crew both increase,

e, Accessory Hardware

In the question of a few vehicle types against many, stand-

ardizéd components can give. the former inventory a cost advantage.
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£, Unit Costs

In the analysis, we have considered only one inventory cost--

the basic vehicle price. This was done in. an attempt to simplify the

computations: However, if the optimum inventory mix (as determined by
the Figure of Merit) proves to be many types of vehicles as opposed
to a- few, this assumption must be re-examined, If the Figure of Merit
computation shows an inventory mix consisting of fewer types to be
nearly as favorable as one containing many, the former must be selected

in view of the peripheral costs discussed above,

g. Quantity Discounts for Lot Purchases

In gathering vehicle unit costs, an interesting and somewhat

unexpected fact came to light: Lot size is not a very important

factor in the basic price of sounding rocket vehiéles. ‘Examining the
pfic; quctations‘SE‘séveral roéke; motor and vehicié‘suppliers,,it be-
came apparent that a discount of 10% or less was the only economic
advantage to be gained by buying vehicles in lots of 50 as opposed to
lots of 1, 5, or 10. ’

The. main reason for this surprising fact seems te be the in-
flexibility of rocket motor costs, (This inflexibility probably -arises
because most sounding rocket motor buys are too small--even in 50- unit
lots-~to warrant the capital expenditures gequirgd’fbr real mass pro-
duction,) The 10% price advantage of 50 over 5 unit lots arises mostly
from the economies achieved in the manufacture of accessory hardware.
such as fins, interstages, etc,

A majox price break. is undoubtedly-possiblé at some lot size.
The. break may occur at 100 vehicles or- perhaps an even larger Iot
8ize, Unfortunately, dnnual :sounding rocket buys se€ldom. reach this
level from any one customer, Furthermore, although the 107% discount
is real, it is quite unimportant when compared to the total cost of
an inventory. . '

The Figure of Merit computatiénS“that are shown belbw; a§,an:

example in. the analysis, will not be significantly affected by the
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omission of a lot discount in the few instances where large buys are

indicated. Therefore, we assumed unit vehicle costs to be unaffectad

by lot size,
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g; ) 4, Sounding Rocket Reliability

The effect of reliability on.-the cost of a sounding rocket inven-

L

tory is critical, The reason for its importance lies not so much in

T TR

I3 the cost of the vehicle itself as in the price of a payload that an

unsuccesiful rocket destzoys.
In the vast majority of sounding rocket launches, the payload
L costs more than the launch vehicle, Ratios of payload to vehicle -cost
: usually range from 3 to 5 and in some instances can reach a value of

; . 10 or even 20, Vehicles costing $30,000 have been used to .launch

; 13 '$500,000 payloads, and $12,0QO rockets have boosted instruments coétipg.
é : nearly $250,000, The emphasis .on putting reliable vehicles in:a
5 4
§ E stable is, therefore, well justified,
|
< a. The Effect of Reliability on Mission Cost
b , = -
3 3 If two or more vehicles available in an inventory -can per- .
S form the :same mission the mission assignment should be made to the
i vehicle with the lowest effective mission cost. We suggest the follow-
iag formula for Effective Mission Cost (EMC):
| B ’
) c + C
, EMG = ———& 2)
¥ v
s 3;§

wherezcv‘is the vehicle unit cost, CPL the. payload cost, and r, the
wvehicle reliability, 7

i | il

Given a choice of two vehicles (1 and-2), the break-even

point is reached when:

1 PL /Y PL
;EMCI = EMCZ = r‘; - - e (3)
1 Vo
-29.
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Equation (3), above, can be solved to determine how much the
‘payload must cost before it becomes economically worthwhile to switch
to a more expensive launch vehicle if the latter is more reliable,
(Of course, if“the more expensive vehicle is not more reliable then
itlmakes no senge to switch,) Reworking Equatibn:(3) to solve for the

cost of the payload, we have:

o = 21 1Ve &)

Assuming that T, does not differ significantly from r, Equation (4)
2 ] 1

can be approximated by:

v, = % X,

PL (1:.2 - T 1)/57 SET 4 (5)
vy v v

Whereﬁcv is the difference in unit costs of the two vehicles
under consideration, and Arv[rv is the relative difference in reliab-
ility. Thus, if a higher priced vehicle -costs $2,000 more than its
competitor, -and is, -in turn, 5% more reliable, then the payload price
would have to be approximately $40,000 for the more reliable vehicle
to be selected, Figure 7 illustrates the relationship between payload
price, vehicle .cost difference, and relative reliability,

It is evident -that the switch from a less reliable and cheaper

vehicle to one ‘with greater reliability and higher cost is thus justi-
fied when payloéd costs are high, or the reliability to be gained is

significant,.

5. Computing the Figure of Merit for an Inventory Mix

Computing: the Figure of Merit of the varioﬁé sounding rocket
inventories is khq—final step in optimizing a vehicle stable, The
computation:-process- is quite séraightforﬁard requiring nothing more
than elementary mathematics., The process is illustrated in. the sample

problem:-which follows in the next section,
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B. Optimization of a Sounding Rocket Inventory -(A Sample Problem)

A sample problem is presented -below to demonstrate the application

of the concepts described in the previous sections, As an example, we

rcreated an imaginary sounding rocket user agency called AFNA, We have

comprehensive :sounding rocket utilization records for AFNA dating back

a considerable number of years, Based on this use history, we predicted

the future requirements of AFNA and attempted to select an optimum sound-

ing rocket inventory for this agency for a future time span of five years,

1. Assumptions

For the AFNA agency we assumed that:

1,

6.

Five vehicles (Type A through E) are candidates for the
AFNA inventory, The performance characteristics, estimated

cost, and reliability of each of these vehicles is indi-

cated in Figure 8,

No restrictions .are placed on the combinations of Type A
through E vehiclés that may be adopted fer the ‘inventory,

Any missions falling to the left ‘of the altitude/payload

curve of a vehicle can be performed by.that type with the
addition of ballast,

Any vehicle can meet the mission requirements of ahy alti-
tude/payload grid -cells into which its performance curve
penetrates or touches.

The. reliability of the vehicles considered for inclusion in.
the inventory will remain constant, at the value initially
assumed, for the projected time span.

The unit cost, initially assumed for each of the vehicle
types, will not change over the projected time: span,

2, Choosing the Possible Mixes -

Since five vehicle types are candidates for -the inventory, there

are (statistically) many possible combinations to look at, However, we

‘restricted the combinations to six inventory mixes, As a minimum, an

inventory consisting of Type B, and Type A, or Type D vehicles can per-

form all of the missions in the projected time span of five years. As

a maximum, all five types can be held in inventory and will, .of course,

also satisfy all mission requirements, ’ -
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The six mixes selected for optimization are shown in Table 1

below.
TABLE
VEHICLE MIXES SELECTED FOR INVENTORY OPTIMIZATION
MIXNUMBER .1 2 3 4 5 6
VEHICLE TYRE

A V4 W\ j
B v. v V Vv vV Vv
c Ve VARV Vg |
D V vV’ vV
E V.V vV’

0f the vehicles contained in the stable, only Type B is agsured.
permanence; fype B is the only vehicle capable of carrying the pay-
loads in the 240 - 300 pound class to altitudes of 80 - 120 miles. t

" The rest of the types, A, C, D, ana E owe their continued use to their
favorable effect, if any, on the Figure of Merit,

Mix #1 contains all five types of rockets available for the
vehicle inventory., Mix #2 and #3 are at the other end.of the spectrum;
each contains 9 nly two rocket types to illustrate the éomparigon be-

Vitﬂéép the "many vs. few' inventory philosophy. Mix #4 1is- similar to
#2 with the exception that Type C has been added. Mix #5 is similar
to Mix #3 with C added, Mix #6.contains all types except E. ;

3. Mission Requirements

Future requirements predicted for the AFNA -agency were deter-

,mingd by extrapolating the least-squares curve-fits of the agency's

L34 é




(spunod) LHOIIM. QVOIAVd

S
oz
o
=
(0,0} 4 0.0, 00208 09 Obl 02 OO 08 09 Ov G2 Q M
— T T T T T1° l
y X
: 4 o M =
-',-, L] ‘ , \ \ A & “
‘, ol i Wv* w M 8
g J4AL Mo | [N 2 o
~ . oot =
: . '~ l , =
- oy A] Cc e 2
| , o 9% 3
~ P oyt M 5
33dAL -~ 235 .
- — cot @ * T 2
%G8 000 ‘€1$ 13dAL ! > |
¢ -~ 0]°]] m < W
%61 008°6 $ a 3dAL a ™ ,
‘ o 00¢ = o m
%Eb6 000 ‘5T$ 9 1dAL s | L = 3 |
%28 0006 $ g 3dAL NI 3dAL < 5
%06 000 ‘8¢$ VIdAL | =
ALaviig 1509 JIOHIA =
1 ] N e
(@)
L _ 3
( - -00¢ o
—

: gl
¥
- &1




T AR A

et
'

t

The six mixes selected for optimization are shown in Table 1

below,

TABLE |
VEHICLE MIXES SELECTED FOR INVENTORY OPTIMIZATION

MIXNUMBER 1 2 3

|4>.
e
lCh

VEHICLE TYPE

A

AN

NN
XX
TS

. ’
Of'the vehicles contained in the stable, only Type B is assured

pefmanence; Type B is the only vehicle capable of carrying the pay-
loads in the 240 - 300 pound class to altitudes of 80 - 120 miles.
The rest of the types, A, C, D, ana E owe their continued use to their
favorable effect, if any, on the Figure of Merit,

Mix #1 containe ‘all five types of rockets available for the
vehicle inventary,. Mix #2 and #3 are at ‘the other end :of the spectrum;.

~ tween the "many vs, few"~iﬁventory»philosqphy. Mix #4 is similaxr to

#2 with the exception that Type C has been added. Mix #5 is similar
to Mix #3 with—C—aﬁded. ‘Mix #6 contains all types except E,

3, Mission Requirements-

‘Future requirements predicted for the AFNA ‘agency were deter-

-mined by extrapolating the least-squares curve-fits of the agency's
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illustrated in Figures 5 - 5e,are adopted for this sample problem
and are summarized below in Table IT, Year-by-year growth or decline
‘of requirements in the various bayload/altitude categories are given

d
:
|
[ ; utilization history, The results of the extrapolation, previously
s
%
; for some eighteen diZferent missions,

t

TABLE 1 -
PREDICTED MISS1ON REQUIREMENTS - AFNA AGENCY

PAYLOAD/ALTITUDE YEAR
(Pounds) /{Miles) 1 2 3 4 2
Il 40-60/100-120 3 4 4 5. 6
. 40-60/120-140 16 22 29 36 45
: 60-80/.60-80 26 32 40 48 51
60-80/80-100 12 14 16 18 20
60-80/100- 120 21 37 48 61 75
80~100/60-80 1 0 0 0 0
80~100/80- 100 21 29 37 46 57
200-220/120~ 140 4 4 4 4 4
240~260/100-120 3 4 5 7 9
240-260/120- 140 3 4 6 7 8
. 220-240/120-140 4 3 2 0 0
260-280/120-140 4 4 5 6 7
280-300/100~ 120 3 3 3 3 2
260~280/100~ 120 7 11 15 21 26
18C-200/140-160 3 5 6 7 8
40- 100/460-700 1 0 0 .0 0
160-180/140-160 3 1 0 0 0
280-300/80- 100 4 1 0 0 0

4, Results. of the Optimization

The results of the optimization of the AFNA vehicle inventory
Vare,shdwn in Table III. The Figure of Merit value of each inventory

mix is predicted for the 5-year time span considered in our example,

-35-
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In Year 1, Mix #1 has the highest FM, 0.786 pound-miles/dollax.
Mix #1 is closely followed by #6 and #5 with 0,778 and 0.768 pound~
miles/dollar respectively. The FM of Mix #4 is approximately 10% less
than that of Mix #l1. 1In fifth and sixth places are Mix #2 and #3 re-
spectively, .approximately 30% below the best one.

TABLE 11
FIGURE OF MER IT OF THE VEHICLE INVENTORY MIXES

Flgure,af Merit (Pound- Miles/Dollar)
YEAR 1 2 3 4 5.

1 Q3> QD Cisd Q> Qb
2 0.570  0.5%3 0561 0560 0,557
3 0.538 0523 0515 0512  0.506
4 0.69% 0.666 065 0.637 0,629
5 0.768> 0.139 <idy Q. 705) m
6 6778 [0.748] [0.734] [0.714] [0.705

CBest MiD 2nd Best Grd Best>

-On the basis of khgse results, Mix #5 would be selected as -the

optimum vehicle inventory for the AFNA agency. Mix #5 would be selected

‘because- it -contains only three vehicle types while having an Fif less
than 2% below that of Mix .#1 (0,768 compared to 0,786), The savings

obtained by the reduction of peripheral inventory costs, diécugsed;in
Section IIL.,A,3, would more than.outweigh its slight disadvéntqge in-
the FM,
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5. Cost Savings

In the final analysis the pains taken to calculate the Figure of
Merit of possible vehicle inventcry mixes is: justified only if signifi-
cant financial savings can be realized. ‘Comparing the- expenditures.

required for the best as opposed to the worst mix; we find:

TABLE |V
YEARLY VEHICLE COSTS
Yer 1 2 3 4 5
Total.Mission
Requirement

(Pound-Miles) 1,827,000 2,126,000 2,565,000 3,111,000 3;496,000

Optimum Mix
Figure of Merit
(Pound-Miles/$)  0.768 0. 739 0.724 0.705 0..696

Total Cost (§) 2,379,000 2,877,000 3,543,000 4,413,000 5,023,000

Worst Mix

Figure of Merit ‘ :
(Pound-Miles/$) 0,538 0. 523 0.515 0,512 0. 506
Totai Cost ($) 3,395,000, 4,065,000 4,981,000 -6,076,000. 6, 509,000
Optimum/Worst

Mix Cost |
Difference ($) 1,016,000 1,188,000 1,438,000 1,663,000 1,886,000

It is apparent that the vehicle inventory selected as optimum
would save the AFNA agency as much as $1,000,000 in its first year of
use, As the total mission requirement (expressed as Pound-Miles) rises,
the financial advantage :obtained by using the optimum wix in ‘the vehicle

inventory incréases until, in Year 5, almost $1,900,000 is -saved,.

=37~
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It may be .arguad that the savings projected over the 5-year time
span are illusory since management decisionu and the availability of
new vehicles may change the picture entirely, While this may be par-
tially valid, consider ‘that for a one-year time .span the requirement
predictions can be forecast with a great deal of accuracy., The
$1,000,000 savings resulting from optimizing .the vehicle inventory is
real and substantial. Therefore, the savings are definetly of sufficient
significance to make the .optimization exercise a financially rewardiag

one,
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C. Advanced Techniques- in Inventory Optimization

Optimization -of the sounding rocket inventory. depends, as previously

discussed; on a knowledge of future mission requirements, If future
requirements were perfectly known the optimization process could be
reduced to vehicle performance, cost, and logistics wnich-wculd then
be simply combined with the known projected mission profile. Sophi-
sticated- prediction techniques were, therefore, examined to see if
these advanced methods could be used to obtain better data .than those
resulting from the polynomial curve fits discussed in Section IXT.A.2.b.
Optimization methods in the class of "decision making in the face
of uncertainty" were also examined because of the difficulty of pre-
dicting requirements. This technique, known formally as Subjectivistic
Bayesian Decision Theory (Reference 1), was explored in its application

to the AFCRL sounding rockat inventory situation,

1. Advanced Prediction Techniques

‘Three probabilistic prediction techniqués are described below.

They are Wiener Estimation Theory, Constrained Least Squares Curve Fit
and GPSS,

a, Wiener Estimation Theory

To apply the "linear mean square -estimation" theory, proposed
by Wiener, to -the problem of predicting sounding -rocket utilization,
we examined thc .eusemble utilization records' for payleads of 80 - 99,
100 - 119, and 120 - 139 pounds flown to altitudes of 60 - 79, 80 -:99,
and. 100 - 119 statute miles. The time interval considered was 1957 -
1965 for records which were a composite of AFCRL and NASA/GSFC data..
Table V shows the sounding rocket utilization history of these .two.
agencies in the selected performance regime,

The selected ensemble forms a 9-cell by 9-year record in one

of the most active payload/altitude regimes in sounding rocketry. The .

Refefeﬁce 1: Erickson, W, A.; DECISION MAKING UNDEK UNCERTAINTIES;
Short Course in Probabilistic Applications: University
of Michigan; June 1967.
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9~cell by 9-year record was normalized:

1. Against the mean utilization in a given cell over 9 years

2, Against the mean of utilization in a given year over 9 cells

3. Against the ensemble mean over 81 cells.

Normalized correlation coefficients wexe computed for one cell
from year to year against itself, and for one cell sgainst other cells
from year to year,

In performing these simple mathematical manipulations, we were
deliberately ignoring .the stationarity assumption inherent in the Wiener
theory; stationarity implies that the future will be independent of the
time period used to predict it. This is obviously not applicable to
our problem as you can see .om a brief look at Table V. In the year
1957 no rockets were flown in the selected payload/altitude regime.

Were we to base our prediction on that time interval, we would predict
no future activity whatsoever in that regime, a rather extreme depart-
ure from the facts .as they actually occurred.

There were other difficulties with this technique which qan‘be
summarized in the following disappointing results:

1, Further proof that the data was not stationary was indi-
cated by the fact that the mean was not invarient with
time for either the 9 by 9 cr 5 by 5 cell groupings.

2. Time correlations within a cell were not readily describ-
able by mathematical functions,

3. There was no functional relationship between utilization.
in different celis. In statistical .terms, use in different
cells was uncotrrelated.

As a result of these facts we concluded that Wiener's theory
would not be successful .at predicting. sounding rocket utilization to

anv greater extent than would simple polynomial extrapolation, Further,

-since polynomial extrapolation does not assume stationarity the mathe-

matical validity of using this approach is probably greater.

b, Constrained Least-Squares Fit

Another possible approach to prediction of sounding rocket mission

requirements is a variation of polynomial extrapolation: T he constrained
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least-squares curve fit., In Reference 2, R. K. Brimhall of Thiokol's
Wasatch Division introduces the concept of .the constrained least-squares
curve fit. An "estimating function" (the curve fit) is constrained to
go through a selected -number of actual data points and be least-squares
with the rest of the available information. i

The advantage of the constrained least-squares approach is that

recent data can be constrained to strongly influence the utilizatibtn

predictions., We, therefore, recommend that this technique be considered:

in future work on the subject.

c. GPSS

Another technique suggested for the prediction problem is the
application -of GPSS~-General Purpose Simulation System (Reference 3).
In this technique a mission profile could be generated by a randow
number process. The occurrence of a mission in a particular weight/
altitude cell would be governed by the utilization history in.-that
cell, The cell's utilization history can be described by a frequency
distribution -that approximates its actual utilization record. The out-
put -of GPSS would be a mission profile generated by a large number of
passes ‘through the problem.

‘The application of GPSS implies that sounding rocket utilization
is at least functionally related to and can be expressed by the distri-
bution of a random vdriable, It is, therefore, difficult to predict the
value of GPSS in .this applicaiion since the process has been primarily

used in various types of maintenance and queue problems.

‘Referénce 2; Brimhall, R. K.; DESIGN OPTIMIZATION USING MODEL ESTI-
MATION PROGRAMMING: Thiokol Chemical Corporation, Wasatch

Division, Brigham City, Utah; Presented To AIAA, Jan. 1968.

Reference 3: GENERAL PURPOSE SIMULATION SYSTEM/360; IBM Application
~ Program, IBM Corporation, Technical Publications Dept.
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‘or did the need arise because the new vehizle type was available?

.cantly impair the validity of the work done in predicting sounding

2. Problems in Vehicle Prediction

Problems of a frustrating nature have arisen in the puréuit of
utilization prediction analysis. The first of these is the quality of
sounding rocket utilization data. Utilization data have a very poor
level of priority at most sounding rocket organizations. Therefore,
information is not complete and accurate until at least one year and,
in some caseé, two years after the vehicles have been flown.

Another problem with the data is its scarcity in a large portion
of the payload/altitude grid. Since -the prediction results were poor
unless ‘there was a substantial amount of historical data, we must have
relatively low confidence in the predictions for many segments of the
payload/altitude -grid.

New areas of utilization cannot, with our present methods, be pre-
dicted at all. If there is no history in a given altitude/weight cell,
we can predict no utilization in that regime. Yet, as new vehicles
become available we know thet they will be used by experimenters to
plug some of the-holes in the weight/altitude grid. 7

This brings up another problem, the chicken/egg question: Was

the new vehicle type developed to meet an existing but unsatisfied need,

Vehicles haVve come into sounding rocket use both ways.

These- factors need much further study since they could :signifi-

rocket utilization if they are not proper1§ understood,

R | L
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3. Application of Bayesian Decision Theory to Inventory Optimization

Bayesian decision theory can be very useful in the optimization of

2 sounding rocket inventory. It could be .applied to answer the following

question:

"Given: a fixed amount -of money allocated ‘to the purchase of a
sounding rocket inventory for a budgetary period; furthermore,
given a projected set of mission requirements for the same
budgetary period and, given several sounding rocket vehicle
types available for- purchase:. Hew do you allocate the budget
among_ the several sounding rocket vehicles types so that the
maximum number of experiments are flown within the budgetary

- time period, consistent with the financial counstraints?"

This type of problem typifies a utility theory approach in which
the risk elemént comprises the rockets left over at the end of the year
plus the corps of unhappy experimenters; the gain comprises the to-

tal nuaber of experiments successfully flown, and the uncertainties

inglude at least the mission requirements and the flight reliability
record of the vehicles. With only a. minimum number of alternatives
included, the decision tree framing .this problem becomes very complex..
To illustrate the Bayesian theory approach to such a problem, we
could formulate a case based on the following typical assumptions:
1. The total vehicle budget is S Dollars.

2. Four types- of sounding rocket vehicles are available to be
purchased for inventory. These are types A, B, C, and D.

oF T R a Kt e O et

3, The Altitude/Payload capability of Type D is such that it
can handle any mission assigned to D - A, In turn, C
can handle 411 C - A:missions while B can handle all B and A
missions, (Figure 9 ), From a performance standpoint this
makes the mission assignment strategy the most flexible since
no vehicle type enjoys a unique position (except D).

e

4. The relative cost of vehicles .A - D can be modeled in several
ways:

On the basis 6f existing vehicle types.

. As a linear function of their payload capability.

(Kl At} A ey, o sreeeree By
\ L N

‘ , - As a linear function of -their altitude capability.

On :the basis of some fixed -percentage of increasing cost

with increasing performance; for example, Type B costs |
"X" percent more than Type A, Type C "X" percent more b
! - than Type B, etc,
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5. As with cost there are several ways of approaching the problem
of vehicle reliability:

- On the basis that all vehicle types are equally reliable,
This is probably the best place to begin since the reliab-
ility of competitive vehicle types can be a subject of
much heated discussion and is sometimes very difficult to
define.

- On the basis of the number of vehicle  stages.

- As a direct proportion of the vehicle cost,

Once a set of ground rules has been selected one would begin with
the budgetary process which allots "S'" dollars for a vehicle mix inven-
tory based on the stated intentions of the scientific experimenters,

This is the process by which the inventory is nominally selected today.

Within the fixed constraint of "S" dollars, -a number of options are now

available to the sounding rocket purchaser:

1. Purchase exactly those vehicles for which the budget of "S"
Dollars was approved,

2. Depart from the budget generated inventory in a way in which

significant advantages will accrue to the experimenter,

‘Step 2 above is where the application of Bayesian decision theory
can be useful. It can give the sounding rocket purchaser an idea of
how to-best allot the budgeted-dollars between the different wvehicle
types so that he can satisfy a greater number of experimenters than if

he had followed their stated plans, This can be done by running a

" number of different trial mixes through the -decision process, assigning

different probabilities of being the correct one to the several mixes and

determining if (within the estimated probabilities) there is one mix

which ¢*ands .a better chance of achxev1ng the maximum number of satis-

fied exp;rlmenters than any of the others., The decisxon tree ( a

statlstlcal tool) for this process is illustrated in Figure 10, The

process by which it is arrived at is briefly explained below.
Basically a decision tree consists of a succession of events in

which a conscious act (choice) is followed by the .probabilistic state

of nature (chance). A succession of choice-chance-choice-chance steps

~46-
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result in a set of consequences which follow every set of branches.
Refexrring to Figure 10 the typical decision tree for the inventory
problem could be as follows:

Step 1 - (CHOICE): Select an Inventory
3 In a -hypothetical problem we could begin by selecting three

sounding rocket invetory mixes labeled as X, Y and Z in the illustra-

e O el

E» ~ tion. The only constraint on Mixes X, Y and Z is that the cost of

-each branch is equal to the "'S'" .dollars budgeted for the inventory,

Step 2 - (CHANCE): Estimate the Probability that the Chosen
Inventory will be Correct.

To each branch of the decision trée we now .attach: another set of

i e

branches consisting of estimated probabilities) that the particular

course of action taken in Step 1 is the correct one. rx_represents

3 the probability that Mix X will .actually reflect the mission require- b

ments as they arise, after the inventory has been purchased, Ty and %
r, represent the probabiflity that those respective mixes turn out to f
: be the right ones. The only restriction on r ,,rY and r, is' that they
. sum:to 1,0,. It can; of course, be argued that neither Mix X, Y or 2

: will represent the mission requirements as they actually turn out;

however, if the mixes are carefully chosen the final requirements will

at least closely resemble one of the selected: inventories,

i In assigning probabilities that the mixes are correct, it should
be possible to use as a guide budgetary plans of AFCRL which form the
basis for the sounding rocket purchases over the years., Then, these

could be compared to the missions actually flown in those years,

e o e N e (i

A [ and reliability estimates on the accuracy of the pre-purchase predictions

. could be so obtained.

Step. 3 - (CHOICE): Select a Mission Assignment Strategy.

At the end of Step 2 we have a series of consequences: If Mix

X ‘was: selected but the requirements éctuarly fit Mix Y, then the con-

7sequences may,Be that there will be more vehicles than missions, more
E - missions than vehicles, or the wrong missions for the vehicles on hand.

A strategy must then be adopted to handle the situation,

-48- .
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Three strategy options are postulated on the decision tree, The
] first of these, that "perfect fit" missions will be flown, would indi- Ny

cate a method in which Type B missions would be flowa only on Type B

Tomn ™

vehicles, If there is an excess of Type C vehicles (which by our earlier
assumptions can handle Type B missions) those vehicles- would not be

used,
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The second choice is to ballast all possible missions; if there

S e i e b £

were an excess of Type B missions and an excess of Type D vehicles, the

latter will .be ballasted to handle the excess Type B missionms.

The third choice is a compromise in which only '"close" vehicles
are ballasted to satisfy unfulfilled mission requirements, For ekample,
Type C could be ballasted :to accomplish Type B, ‘but Type .D'would not
be ballasted to handle Type B, This is a fairly believable approach
to the problem since it may very well be that the higher :performing
Type D sounding rocket would be too expensive -to "waste' on a Type B

mission, .

Step 4 - (CHANCE): Estimate the Effects of Vehicle Reliability

H#ving made the -decision how to fly -the variéﬁs vehicles, we

would now take into account the effect of reliability of the different
vehicles types on thé success of the missions, One approach is to

consider the reliability of all vehicles as equal, Another apprxoach is

to assign a specific reliability to each vehicle type in either a

g,

functional relationship or an arbitrary manner.

it e o

4. End Product

The end results at each branch of the decision tree would be the

MO R AR T
L

‘total number of successes, the vehicle fzilures, the number of unflown

experiments and the number of unused vehicles.

N T AP
e .

Each course of action could then be compared to--every other set

5] Sowitir il ity L i

ST
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of choices, If cost were the overall criterion of the optimization

problem, then dollar figures would then have to be associated with
each success, failure, unflown experiment, and -unused: vehicle.

By this approach it may tuxrn out -that a particular course of

T LT S A

action in selecting an inventory--when combined with :a set of mission
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assignment rules--will produce the best results in the face of the
uncertainties in mission requirements and vehicle reliability., A
_ number of additional benefits may arise, For instance, it may be
that vehicle reliability is not really a strong factor in influencing
the overall successes of the inventory purchass:, The value cf ballast-
~ ing vehicles could also be determined as a wonthwhile (or worthless)

course of action,

5, Commentary _

The decision tree shown.in Figure 10 is by no means complete, nor
are all the possible choices outlined. It could be much more complex
i.f more than three possible inventory mixes are postulated. Even in the
relativelv simple example illustrated, there are over 50 possible paths
through the tree. The complexity of the tree rapidly increases as more
branches are added.

Nor need we stop there: Since there will, at the end of the calen-
dar year, be some unfluwn experiments and unused vehicles, decision
trees for successive years could be tacked on to each other. Thus,
unflown experiments and unused vehicles resulting at the end of Year 1
could influence the mixes selected in Year 2, The leftovers at the

end of Year 2 would further influence the decisions at the end of Year 3,

The complexity .and sophistication of the decision tree is thus more
a. function of the patience and computing power of the investigator

the problem itself,

g :
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D. Cost Effectiveness of the Development of a New Sounding
Rocket Vehicle

Rew vehicle development in the sounding»rocké; field has not
been notably successful, Many attempts have been. abandoned after
vehicle design, rocket motor development, and even flight testing..
Unfortunately, there have been relatively few successes, For example,
only 48% of the 53 sounding rocket programs- identified in Reference 4.
have had tin or more flights; 33% have had 20 or more, and 18% have
had 50 or more total flights (Figure 11).

If we consider a new sounding rocket vehicle to be :successful
when it has completed a total -of 50 or more flights, then less than
20% of all vehicle development programs have been successful,

Historical hindsight, therefore, shows that many squnéing rocket
development programs either did not .get off the ground at all: or made
only a few flights before they were abandoned, The fact that this is
true of the definite majority of programs lends impetus to our search
for a means to prevent :the unnecessary financial and human expenditures

wasted in -an unsuccessful development program.

1, What Makes a New 3ounding Rocket Vehicle Succeésfﬂl?

A new souhding rocket may be considered successful if, after
its- introduction, its use rate shows a steady.initial”ggpwth'ahd its
raggg\of application is steadi;y diver31fied Growth in utilization

is an indicator of 'success because it 1mp11es satisfactory performance

of the new vehicle., Diversification of its application is another
required success factor because it indicates that the sponsoring cust-
omer or agency is not the only one who is using'the—véhicle,

The requirement of diversification also eliminates the vehicles
designed for highly specialized one-shot appiicécioqsfsﬁéh as weapons.
testing where the particular vehicle may never be-heard from again

when the test series is. over, In several such programs a good number

Reference 4; APPLICATION OF ADVANCED SOLID AND HYBRID:-MOTORS TO -SOUNDING
ROCKETS: Space General Corporation; July 1966.
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of vehicles were flown, for example the Deacon-Arrow, the Viper-Arrow,
the Asp, and the Nike-Asp. However, none pf these vehicles proved to
be attractive to- the scientific sounding rocket ‘community and were
dropped after & brief but spectacular career, The first indicator,
steady growth rate, also rules out one-shot programs from being deemed

successful since their growth rate is initially rapid, but ceases when

thr -origiral application is over. )

Another criterion of success of a new development is when the
new system begins to supplant an existing well-established: vehicle by
taking away some of thé latter's missions, Here it is important to
differentiate between two types of competition between a. new- and an

established vehicle, direct substitution and improved replucement,

Direct substitution implies that the new vehicle competes Pound-for-

Pound and Mile~for-Mile with an existing séugding rocket. If the new
vehicle can reach higher altitudes or carry larger payloads (or both)
than the established sounding rocket it is considered an improved re-
placement,

Without performance advantages a newly developed vehicle appar-
ently stands little chance of becoming successful; an established vehicle
has the considerable advantages of entrenchment which include a.
demonstrated flight history, an established reliabil. *« record, .ana-
lytical support and user acceptance, the last being<§:psyphologica1
factor of no small importance.

If the new vehicle, as a direct substitute for an established
sounding rocket, has a significant price advantage (on a unit cost
basis) even that will not weigh heavily in its favor; its lack of
demonstrated reliability usually outweighs its price advantage, Further-
more, realistically speaking, development costs- are rising, making. it
highly unlikely that a new vehicle can be less expensive than an
existing, proven, sounding rocket,

There is, however, one possible exception by which a newly
developed sounding rocket can directly supplant an existing vehicle:
¢that is if the- existing vehicle has a poor reliability record, or

-53-
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consists of motors that no longer are available, 1In these cases,.

a new vehicle stands a considerably better chance of success, Even

 the threat of "no more motors" need sometimes not be taken too seri-

ously,. A classic example of ‘this is the Nike, a component of practi-
cally .every multi-stage sounding rocket in use in the United States
today, There have been numerous '"no more Nikes'" panics in past years,
but the demand has béen stéady enough so that the supply has continued
unabated,

~ To be successful then, a newly developed vehicle must offer
performance advantages over- an existing sounding rocket or must be

able to open a new area of the atmosphere to sounding rocket explor-

ation, We can identify a vehicle as being successful by the steady

growth of its use rate after its introduction, and the diversification

of its application from that for which it was originally developed,

2, The Effeét of Requirements on New Vehicle Development

Future requirements can provide the stimulus for the develop-
ment of new-vehicles, This is -because requirement predictions can
serve as indicators of areas in which substantial growth can be anti-
cipated and, thereby, point out the performince regime for which a
new sounding rocket should be Jeveloped.

To make these requirement predictions one could use the same
techniques outlined in Section III.A.2,b, These consist of parabolic
curve-fits of sounding rocket utilization histories in different
apogee altitude/payload weight regions to form the basis for an extrapo-

lation into future years,

3, Reliability of a Newly Developed Vehicle

The reliability of a newly developed vehicle has a tremendously

important influence an: the cost effectiveness of its development, A

new vehid e may present a substantial cost advantage over a rocket in

current use which may be completely nullified if the new rocket develops

-a poor reliability record, Furthermore, since a new vehicle rarely

e

e INIRDR %




-costs less than an existing type, the problem of reliability becomes
a critical one. In considering the reliability of a newly developed
rocket, we will look at two phases of the problem: (a) Reliability
Growth and (b) Long Term Reliability.

a. Reliability Growth

To anticipate the reliability growth of a newly devéloped

sounding rocket, we examine the: following model:

Let r = Reliability of the '"nth" launch

[}

N. Number of major failure modes initially present

in the design

P = Probability of occurrence of a single failure
mode during any single flight

d- = ‘Probability that a failure mode will be detected
and identified once it has occurred

n = Total number of flights.
Then, we made the following basic assumptions:

1. All failure modes have the same probability of occurrence,
détection, and identification,

2, Operational policy is to correct all known failure modes
by redesign and/or protedural changes.

3. There are no salvo launchings- so thét policy 2 may be
applied to successive vehicless

4, All failuré modes are critical to all missions,

5. Corrective action initiated as a result of a failure
does not introduce new failure modes,.

Now consider a specific failure mode, The probability that
this mode has not occurred, and been detected, after n flights is,
n
{1=pd) .

The expected number -of failure wodes discovered, i, is:

T =N [gl‘-(l-pd)n] (6)

The reliability of the "(n + 1)th" flight is, on an expected
basis, -

;;+1‘6 (1~p)5N-x), {7)
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or .;11+1"'= (1"P)N(1-pd)n (8)

The variation of expected reliability with flight number is
shown in Figure 12 for a case in which .there are five failure modes
(N = 5), the probability of cccurrence of any of the failure modes is
25% (p = 0.25), and the detection probability of the fai.ure modes
varies from a low of 25% to a high of 99% (d = 0.25 - 0.99).

The expecfed reliability increases rapidly as the failure mode

detection :probability goes from 25% - 75%, but less rapidly as d ap-

proaches 99%. This illustrates the importance of carrying a reasonable
amount of diagnostic instrumentation on the first few flights if rapid
reliability growth is desired,

The effect of the number of failure modes -on reliability growth
is illustrated in Figure 13 which shows reliability as a function of
increasing N, with d fixed at 0,75 and p at 0.25, As expected, vehicles
with large numbers of failure modes have slower rates of reliability
-growth,

Another interesting aspect of the reliability growth p;pﬁlem is
illustrated in Figure 14, where N =5, d = 0,75, p = 0,25 and. 0,50,
Here we see that a high probability of -occurrence of a failugé mode
actually helps-theAréliqbility“grbwth because the failures, occurring
earlier, are corrected earlier,

After parametrically exploring the effect on reliability of
-detection ©robability, number of failure modes, and probability of
occurrence, we attempted to fit the theoretical growth model to empiri-
cal data derived from-actuwal sounding rocket experience. As a source
of gﬁpirical data, we selected eight recent sounding rocket develop-
ment programs and considered their history over their firs: five flights,
Table VI gives the average .reliability of this ensemble 'as-.a function
of -the number of flights,
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E TABLE VI
. RELIABILITY GROWTH
Flight Number _1__ 2 3 4 5
Vehicle Type
ALFA X X ¥ X VvV
BRAVO X Vv Vv VX
c CHARLIE X X X X X
~ DELTA X X v X WV
ECHO X X v < * .
FOX X X X VvV
GOLF v/ V x VvV WV
HOTEL X X X VWV
Average Reliability ; 0,13 0 25 038 05 071

\/~ Vehicle Success; X - Vehicle Failure; * - Not Yet Fiown

VEHICLE FAILURE: Vehicle either did not meet design objectives
and/or alterations to design or operational-procedures were required
for succeecing launches. Ail other vehicles were considered successful.

et ey

Close agreement was found between the empirical dita and the
theoretical model when N was assumed ‘to be 5, p was 0,50, and d was
0.90 (Figure 15), We found that no other variation of thke equation
parameters N, d, and p, resulted dn such close correlation.

Figure 15 thus indicates that 5 major failure modes are a
realistic number to be expected in today's state of the art, and that
the probability curve of 90% indicates that today's sounding rockets
are well instrumented and closely observed, and that little guessing
is necessary to detexmine the reasons for a vehicle's failure,

The record also shows that four to five flights are required
before an experimenter-has an even chance of succéss when he risks

a- payload on a new vehicle,
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‘b.. Long-Term Reliability

Long-term reliability of a (new) vehicle is much more difficult
to predict than short-term reliability growth, Experience has shown
that, for successful sounding rockets, long-term vehicle reliability
will range from a low of 75% to a high of nearly 95%.
affecting the Figure of Merit of a particular vehicle inventory, this

reliability range is significant,

Ir terms of

Therefore, the predicted reliability
of a new vehicle will profoundly influence its cost effectiveness,

The theoretical model for reliability growth proposed in
Section III.D.3.a, cannot be applied to predicting long-term reliability;
the model indicates an expected reliability of practically 100% after
only 15 flights,
a very 1imitéd number of test/development firings, the vehicle is re-

leased for initial operational service.

One reason for this phenomenon is that, usually after

The operational payloads

‘carry minimal diagnostic instrumentation; and are freqrently launched

under weather conditions which limit the usefulness of optical cover-
age., As a result, failure detection probabilities are considerably
less than 90%.

rence probability much less than 50%.

It is also true that some failure modes have an occur-

It follows from this that the

.actual re;abiiity_curve breaks, and asymptotically -approaches some

termiral value., A first approximation to this situation is to use
the curve of Figure 13 until the reliability has reached, say, 90Z,
and then assume -that, thereafter, reliability is constant,

For the present the effect of long-term reliability.on the
cost effectiveness of a new development can be evaluated on an itera-
tive basis, As . a first step, we will assume a long-term reliability
that i3 an average -of the best and worst»available/in—foday's successs
ful sounding rockets, If the resulting Figure of :Merit calculations
show that this ;El;abilicy.level is sufficient to give a new vehicle
a cost effectiveness advantage, then we can assume its development to
be economically worthwhile, If an extremely high reliability, such
as 90% - 95%, is required of a new vehicle before it becomes worth-

while to develop it, then we muet re-evaluate its cost effectiveness
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on the basis of a higher development program cost that would be required
to achieve that reliability.

In some cases iu which the development of a new vehicle is
economically sensible only if the configuration possesses a high
long-term reliability, large development costs may be justifiable,

The best such justification would be a large predicted utilization for
a vehicle with its performance characteristics. In this case, high

development program costs will be readily absorbed by the large utili-
zation rate,
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E. A Typical Approach To .Computing the Cost Effectiveness of a
‘Sounding Rocket Vehicle Development Program

Using the criteria developed in the analysis, it is possible to
meke predictions about the economic consequences of developing a new
rocket, The key step in this calculation is the formulation of a set
of ground rules. for the development program, in operation's research
terminology-~a scenario, For example, a typical scenario might read
as ‘follows:

"We will consider a five-year time span in which the effect
of developing a new vehicle, Type F, on the AFNA inventcry
will be evaluated, Based on the performance of available
rockets and the strong predicted requirement growth in the
40 - 140 pounds to 60 - 160 miles area, the Type F perform-
ance specification is taken to be 120 pounds to 70 miles
ranging to €0 pounds ‘to 110 miles. Preliminary calculations
indicate that such a rocket will have a development cost
of $260,000 and its unit production cost will be $6,500,
Development time, including the flight of two fully instru-
mented test articles, is estimated to be two years, De-
sign reliability is predicted to approach 88%, assuming
the first eight or ten operational payloads are at least
partially instrumented for rocket problem detection,"

At first, it might apfiear that all that remains to determine

the cost effectiveness of Type F is to enter it in a new set of
trial mixes and, based on the idea of maximizing the Figure of Merit, ]
compute the number of Type F which could :-be used each year in the 7
AFNA inventory, This .cannot be done because, as yet, there is no
accounting for amortization of development cogts, There are many
ways of doing this. For example, the develcpment cost might be
spread evenly over the first 189 rockets sold, Or, spread evenly
over all rockets sold within 48 months of programrgo-ahegd date, etc.

We must,, therefore, consider which of such awortization schedules
will be applied. This cannot be -done until the scenario is amended
by adding a -statement about the financial (or other) goals of the
qpopsqring organization. Once this is done, the optimum amortization
program for Type F may be determined,

Once a statement of o;ganiéatidn goals has been formulated, a

first "trial"” amortization program way be attempted, In the present
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scenario, suppose that development costs iust be written off over the
first two years of operational service, and for ease of accounting,.
the development burden is .to be taken as constant over a time -of -one
year, Then we may vrite that:

D, + Dy = $260,000,

D,

n, ’

C, = $6,500 + A

Eé
n °?

Cy = $6,500 + ;

and Cn = $6,500 thereafter,

where D2, D3 = Development costs to be written off in Years 2 and 3.

(The development starts at the beginning of Year 0.)

Ny, Mg = Number of Type F required in the -optimum mixes in
" Years 2 and 3, assuming that numerical values for

:Dz\and D3 have been fixed,

C,s C = Unit prices for Type F in Years 2 and 3,
As a first guess, we might take, say,
D, = $140,000, and

D, = $120,000

Now trial mixes may be arranged, and an iterative solution for n,

and n, for the optimum mixes found, This process may be repeated for
different numerical values of Di and D3 until that combination which
most closely satisfies the organizational goals is found.

The output of the above procedure is some number; the total
vehicles required during the -next five years, which relates the effect
of adopting the policy, "develop Type F", to the sponsoring organi-
zation's goals, By doing -the same for Type G, H, etc., -one can
arrive at vehicle specifications and -a preliminary design for the

most desirable development investment,

-65-




e e Y e

R s add

ca 1y

Y oo i
AARAPRBTR A

IV. CONCLUSIONS

The. purpose of the work described in this report was to study ana-
lytical methods that could be used to improve the cost effectiveness of
sounding rocket procurement., Based on the results achieved in this-
effort, we conclude that:

1. Sounding rocket inventory optimization is feasiblé and

can produce substantial savings.

2. Short-tern predictions of sounding rocket requirements

are most valid in performance regimes where a utilization
history is well establ‘shed,

3. It is difficult to predict requirements in performance

regimes in which 1i:tle or no utitization history exists,

4, Based on conclusions 2 and 3 above it is difficult to

forecast the cost effectiveness of a newly developed
sounding .rocket vehicle and the question of cost effect-
iveness of -a new vehicle development is left largely

unanswered,
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